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Cellular uptake and binding of guanidine-modified
phthalocyanines to KRAS/HRAS G-quadruplexes
Abstract
Guanidino-modified phthalocyanines are evaluated in vitro (polymerase-stop assays and FRET) and in
cultured cells as G4-DNA ligands and modulators of gene transcription.
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Guanidino-modified phthalocyanines are evaluated in vitro (polymerase-stop assays and 
FRET) and in cultured cells as G4-DNA ligands and modulators of gene transcription. 
 
The hypothesis that G-quadruplex DNA (or G4-DNA) is involved in transcription 
regulation is gaining support.1 Recent studies have shown that, in addition to the 
telomeres, G4-DNA motifs are found with a high frequency in the regions surrounding 
transcription start sites of many genes.2  
G-quadruplex structures have been identified in proto-oncogenes as well as in 5 -
untranslated regions of mRNA.3 Several studies have suggested that G4-DNA affects the 
transcription of several genes including c-MYC,4 c-kit,5KRAS,6VEGF,7 c-myb8 and ILPR 
(insulin gene).9 Due to its potential as a cancer-specific target, there is considerable 
interest in developing small ligands that stabilize G4-DNA.10 Structure-selective G-
quadruplex ligands typically have shape and charge complementarity with the stacked G-
tetrads that constitute G-quadruplex DNA. For example, pyridinium and ammonium-
containing porphyrazine derivatives exhibited improved G-quadruplex specificity as 
compared to the widely studied, yet non-selective ligand 5,10,15,20-tetra(N-methyl-4-
pyridyl) porphine (TMPyP4).11,12 However, no information regarding the cellular uptake 
or promoter binding of these compounds was reported. Here, we report G4-DNA binding, 
cellular uptake, and promoter deactivation of a new class of cationic phthalocyanines 
called guanidino phthalocyanines (GPcs).13 We have used polymerase-stop assays, CD 
spectroscopy, and a fluorescence quenching assay to characterize the G-quadruplex 
affinity and specificity of tetrakis-(diisopropyl-guanidine) phthalocyanine DIGP  (1), 
and its Zn-containing derivative Zn-DIGP  (2) (Scheme 1). To facilitate a direct 
comparison of porphyrin versus phthalocyanine scaffolds, a porphyrin containing four 
diisopropyl guanidinium groups at meso positions DIGPor  (3) was synthesized and 
evaluated. To test the importance of charge–charge interactions, a phthalocyanine with 
four succinate groups Zn-SucPc  (4) was also synthesized and characterized for G-
quadruplex stabilization. 
 
 
 
 Scheme 1 Structures of investigated compounds and common names.  
 
 
Polymerase-stop assays were conducted using an 80-mer DNA template containing the 
GA-element located in the promoter of the murine KRAS gene, which folds into a parallel 
G-quadruplex.6 This promoter element is critical as its excision results in a total arrest of 
KRAS transcription.14 To establish suitable experimental conditions for conducting the 
polymerase stop assays, we used a FRET assay to determine the lowest KCl 
concentration (25 mM) required by the GA-element to assume a stable G-quadruplex (TM 
= 65 °C) (S1 ). Fig. 1a shows that in 25 mM KCl, but not in the presence of 25 mM LiCl 
(S2 ), Taq polymerase is partly arrested at the 3  end of the GA-element, at the adenine 
adjacent to the first G-run (positions determined by sequencing Sanger reactions). As the 
murine GA-element comprises six G-runs (1–6) separated by A  or AAGGA , at least 
three topologically distinct G-quadruplexes can therefore be formed: Q1 by the G-runs 1–
2–3–4, Q2 by the G-runs 2–3–4–5 and Q3 by the G-runs 3–4–5–6. All three combinations 
have two single-nucleotide and one five-nucleotide loops (S3 ). In keeping with this 
expectation, a second polymerase stop is observed at the beginning of the second G-run 
(Fig. 1a), consistent with the formation of Q2. 
 
 
  
Fig. 1 (a) DNA template and polymerase 
stop assays where 50 nM of template was 
incubated with [GPc]/[DNA] ratios of 0, 10, 
20, 30, 40 and subjected to primer extension 
with Taq polymerase; (b) Scatchard plots 
for compound 1 (diamonds) and 2 (circles) 
using data obtained from the gels; (c) the 
same binding data for 1 and 2 fit to y = 
B·L/(KD + L). 
 
 
 
When the primer-KRAS template was incubated with the GPcs at [ligand]/[DNA] ratios 
(r) between 10 to 40, compounds 1 and 2 induced a strong arrest of Taq polymerase, with 
a progressive reduction of the full-length product (flp) and concomitant formation of 
truncated products (tp) (Fig. 1a). The porphyrin-based derivative DIGPor (3) stabilizes 
the murine G-quadruplexes, but to a much lower extent as compared to its phthalocyanine 
analogue 1 (tp 50%). The anionic succinate phthalocyanine 4 did not show any 
stabilizing activity (tp 0%). This suggests that both the cationic guanidinium groups and 
phthalocyanine scaffold are important for G-quadruplex binding. By polymerase stop 
assays we also compared GPcs with TMPyP4 and found that the latter showed for the 
KRAS quadruplex a slightly higher affinity than the former (S4 ). Assuming that the 
amount of truncated products is proportional to the relative amount of GPc-bound 
template, we estimated apparent KD values of approximately 1.0 × 10−6 M for compounds 
1 and 2 by both Scatchard and non-linear curve fitting (Fig. 1b and c). As an orthogonal 
analysis of ligand binding, we estimated KD values by measuring the fluorescence 
quenching of a FRET construct Fam-GGGAGGGAGGGAAGGAGGGAGGGAGG-GA-
Tamra (Fam = fluorescein, Tamra = tetramethylrhodamine) upon titration of the GPcs. 
Fig. 2a shows a representative titration in 50 mM Tris-HCl, pH 7.4, 100 mM KCl. The 
addition of GPcs 1 and 2 resulted in selective quenching of Tamra emission, as GPc 
absorbs in the region of Tamra emission (S5 ). The best-fit of this binding curve to a 
standard binding equation gave a KD of 8.9 × 10−7 M, in keeping with the value obtained 
by polymerase stop assays (Fig. 2b). Compound 4, which does not bind to quadruplex 
DNA according to the polymerase stop assay did not quench this construct (Fig. 2c). We 
extended this analysis to other G-quadruplexes from the PTHR1 (S6) and HRAS 
promoters and found KDs in the order of 10−6–10−7 M (binding data are summarized in 
Table S1, ESI ). These values are similar to those reported for the binding of 
tetramethylpyridinium-porphyrazines to a Htelo quadruplex.11  
 
 
 
 
Fig. 2 (a) Titration of 200 nM F-28R-T in 
50 m mM Tris-HCl, pH 7.4, 100 mM KCl 
with 50, 100, 200, 300, 400, 600, 800, 1000, 
1250, 2000, 3000 nM GPc 2; (b) Binding 
curve and best-fit to y = B·L/(KD + L); (c) 
titration as in (a) but with compound 4. 
 
 
 
To ascertain whether structural changes occur upon GPc binding, the CD spectrum of the 
murine KRAS G-quadruplex was measured as a function of GPc. The addition of 
increasing amounts of 1 up to 12 M (r = 1,2,3,4) resulted in no changes of the CD 
spectrum, suggesting that the G4-DNA structure did not change upon GPc binding. Upon 
heating, the resulting GPc-quadruplex complex did not completely melt (TM > 95 °C) (not 
shown). In contrast, no thermal stabilization of KRAS duplex was observed (Fig. 3a). 
Little if any duplex DNA binding was confirmed by (i) PAGE showing that the protein–
DNA complexes C1 and C2, obtained by incubating NIH 3T3 nuclear extract with the 
KRAS duplex, were not disrupted upon addition of 1 (Fig. 3b); (ii) the fact that titrating 
quadruplex F-28R-T with 1 in the absence or presence of 5-fold salmon sperm DNA, 
results in similar fluorescence quenching curves (Fig. 3c, S7). Together, this data shows 
that GPcs are structure-specific G4-DNA ligands, showing a good quadruplex/duplex 
selectivity. 
 
 
 
 
Fig. 3 (a) CD-melting curve (280 nm 
ellipticity versus T) of 3 M murine KRAS 
duplex in 50 mM Tris-HCl (pH 7.4), 100 
mM NaCl, in the absence ( ) and presence 
of DIGP r = 1 ( ) ,2 ( ); (b) Mobility-shift 
assay of 32P-labelled KRAS duplex (20 nM) 
incubated with 5 g NIH 3T3 nuclear 
extract, in the absence or presence of 5 and 
25 M DIGP; (c) Normalized fluorescence 
(584 nm) of quadruplex F-28R-T quenched 
upon addition of 1 in the absence ( ) or 
presence of 5-fold salmon sperm DNA ( ).
 
 
 
To probe the selectivity of GPcs for parallel versus antiparallel G-quadruplexes, we 
performed polymerase-stop assays with a DNA template containing a G-rich sequence 
from the HRAS promoter, called hras-1, that can form an antiparallel G-quadruplex (Fig. 
4). Polymerase stop assays, performed with a template containing hras-1, showed that 1 
significantly stabilized this antiparallel G-quadruplex. In contrast, the zinc-containing 
phthalocyanine 2 caused little arrest at r = 4, 8, or 10 (Fig. 4 and S8). This is an example 
of metal ion-mediated specificity for parallel versus antiparallel G-quadruplex DNA. 
 
 
  
Fig. 4 Sequence of the hras-1 template and 
(a) CD spectra of its quadruplex-forming 
element (3 M) in 50 mM Tris-HCl, pH 7.4, 
100 mM KCl from 20 to 90 °C (TM = 60 
°C). An antiparallel G4-DNA structure is 
indicated by a strong ellipticity at 288 nm 
and negative ellipticity at 257 nm; (b) 
Polymerase stop assays used 50 nM of the 
DNA template incubated with the primer 
and GPc at r of 0, 4 and 8. Primer extension 
with Taq polymerase was carried out for 1 h 
at 37 °C. P2 = TMPyP2, P4 = TMPyP4. 
 
 
 
To determine the cellular uptake and the localization of the designed phthalocyanines, we 
utilized the fluorescence properties of GPcs to stain living NIH 3T3 and HeLa cells. Both 
GPcs were detected in the cells already 1 h after treatment (S9). Typical images obtained 
with NIH 3T3 cells are shown in Fig. 5. It can be seen that Zn-DIGP (2) preferentially 
localizes in the perinuclear region, while DIGP (1) was more localized in the nuclei and 
nucleoli. 
To evaluate whether GPcs are able to modulate gene expression, we employed a dual 
luciferase assay with a plasmid containing firefly luciferase driven by the HRAS promoter 
(pHRAS-luc). In this assay HeLa cells were treated for 24 h with 5 M 5,10,15,20-
tetra(N-methyl-2-pyridyl) porphine (TMPyP2) or DIGP and transfected with a mixture of 
pHRAS-luc and pRN-luc, a plasmid expressing renilla luciferase. Interestingly, DIGP 
was non-toxic and induced a strong down-regulation of the promoter activity to 35 ± 10% 
relative to untreated cells, while little if any change was observed for TmPyP2 (103 ± 
18% of the control). These results indicate that GPcs are potential tools for manipulating 
gene expression. 
 
 
 
 
Fig. 5 NIH 3T3 cells treated for 24 h with 2 
M DIGP and Zn-DIGP, fixed on glass 
slides, and analysed by confocal 
microscopy. Excitation = 633 nm, emission 
= 680–800 nm. 
 
 
 
In summary, DIGP is a good stabilizing ligand for both parallel and antiparallel G4-
DNA, while its zinc-containing derivative and TMPyP4 exhibited selectivity for parallel 
quadruplexes. GPcs also exhibited good cellular uptake into living cells and suppressed 
luciferase expression. These results are consistent with G-quadruplex-mediated promoter 
inhibition,4–9 and provide motivation to further explore the anticancer potential of GPcs. 
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Materials and Methods 
Compounds 1 – 4  
The synthesis and characterization of tetrakis-(diisopropyl-guanidine) phthalocyanine “DIGP” (1), and its Zn-containing 
derivative “Zn-DIGP” (2) have been reported (reference 13 in the main manuscript). Compounds (3) and (4) were 
synthesized at the University of Zürich according to the following procedures: 
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5,10,15,20-tetrakis(diisopropyl-guanidine)-21H,23H-porphine . (TFA)4 salt  (DIGPor, 3):  The starting material 
5,10,15,20-tetrakis (4-aminophenyl)-21H,23H-porphine was obtained from TCI Europe and 35 mg (52 μmoles) was 
combined with pyridine (4 mL), pyridine-HCl (2 g), and diisopropylcarbodiimide (500 μL, 3.3 mmoles, 59 equiv) and 
stirred under N2 at 110 ºC for 18 h. The reaction was removed from the heat, and 15 mL of H2O was used to transfer the hot 
mixture into a polypropylene centrifuge tube. TFA (1 mL) was added, mixed, and the resulting precipitate was collected by 
centrifugation at 6’500 r.p.m. The precipitate was suspended into water (2 mL), sonicated, and TFA (40 μL) added. The 
resulting precipitate was collected by centrifugation at 6’500 r.p.m. This was repeated a total of three times. The resulting 
precipitate was dissolved into 1.2 mL of 1:1 acetonitrile / water and lyophilised to yield 55 mg (65 %) of a red powder. 1H-
NMR (400 MHz, d6-DMSO / d4-methanol, 10 : 1 mixture) δ 8.89 (br s, 8H),  8.15 (d, J = 8.4 Hz, 8H), 7.55 (d, J = 8.4 Hz, 
8H),  4.05 (m, J = 6.5 Hz, 8H), 1.26 (d, J = 6.5 Hz, 48H), ESI MS (m/z): [M+H]+ calcd for C72H91N16, 1180; found 1180.    
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Tetrakis(succinamic acid)-zinc-phthalocyanine .  Na4 salt (4): At room temperature and N2 atmosphere, succinic 
anhydride  (196 mg, 1.96 mmol) and dimethylaminopyridine (138 mg, 0.3 mmol) was added, at room temperature, to a 
solution of tetraamino-zinc-phthalocyanine (50 mg, 0.078 mmol) in DMF (6 mL). After 7 days, the reaction mixture was 
diluted with EtOAc (66 mL) and the resulting precipitate was collected by centrifugation. The dark green precipitate was 
washed repeatedly with H2O. The precipitate was dissolved in TFA (4 mL) and then mixed water (20 mL) and centrifuged. 
The resulting ppt was dissolved in 1 N NaOH (50 mL), precipitated with MeOH (100 mL) and dried to afford 4 (76 mg, 
86%) as a dark green solid. 1H-NMR (300 MHz, d6-DMSO) δ 8.93 (br. s, 4H), 8.13 (br. m, 4H), 8.01 (br. s, 4H), 6.66 (br. 
m, 4H), 2.92 (br. s, 8H), 2.81 (br. s, 8H). MALDI TOF MS (m/z): [M+H]+ calcd for C48H36N12O12Zn, 1037.19; found 
1037.2. UV-Vis (DMSO) λmax (nm) and ε (cm-1M-1): 360 (6.1 x 104), 630 (2.57 x 104), and 690 (1.32 x 105). 
Oligonucleotides and porphyrins  
The oligonucleotides were obtained from Microsynth (Switzerland). They were purified by PAGE using a denaturing 20% 
gel (acrylamide: bisacrylamide, 19:1) in TBE, 7 M urea, 55°C. The bands were excised from the gel and eluted in water. The 
DNA solutions were filtered (Ultrafree-DA, Millipore) and precipitated. The concentration of each DNA was determined 
from the absorbance at 260 nm in milli Q water, using as extinction coefficients 7500, 8500, 15000 and 12500 M-1cm-1 for 
C, T, A and G, respectively. Dual-labeled F-28R-T (5’end with FAM, 3’end with TAMRA) was HPLC purified. Porphyrins 
TMPyP2 (P2), TMPyP3 (P3) were purchased from Porphyrin Systems (Lübeck, Germany), TMPyP4 (P4) from Sigma 
(Milan, Italy). 
Polymerase stop assay 
Single-stranded DNA fragments with a number of nt between 79-82, containing in the middle a quadruplex forming G-
rich element from the murine KRAS or human HRAS promoters, were used as templates in the Taq polymerase primer-
extension reactions. The DNA sequences have been purified by PAGE under denaturing conditions. The template (25 nM) 
was mixed with the 32P-labelled primer (25 nM), in the presence or absence of porphyrins (P2, P3, P4, PP4 or 4) or 
phthalocyanines (1-4), in 25 mM KCl, Taq buffer 1X and incubated overnight at 37°C. The primer extension reactions have 
been carried out for 1h, by adding 10 mM DTT, 100 mM dATP, dGTP, dTTP, dCTP and 3.75U of Taq polymerase (Euro 
Taq, Euroclone, Milan). The reactions were stopped by adding an equal volume of stop buffer (95% formamide, 10mM 
EDTA, 10mM NaOH, 0.1% xylene cyanol, 0.1% bromophenol blue). The products were separated on a 12% polyacrylamide 
sequencing gel prepared in TBE1X, 8 M urea. The gel was dried and exposed to autoradiography. Standard dideoxy 
sequencing reactions were performed to detect the exact positions in which DNA polymerase was arrested. 
Circular Dichroism 
CD spectra were obtained using a JASCO J-600 spectro-polarimeter equipped with a thermostatted cell holder. The 
oligonucleotides used for the CD experiments were at a concentration of 3 μM, in 50 mM Tris-HCl, pH 7.4 and 25 mM KCl 
(or 100 mM NaCl when duplex DNA was used). Spectra were recorded in 0.5 cm quartz cuvette. A thermometer placed in 
the cuvette holder allowed a precise measurement of the sample temperature. The spectra were calculated with J-700 
Standard Analysis software (Japan Spectroscopic Co., Ltd) and are reported as ellipticity (mdeg) versus wavelength (nm). 
Each spectrum was recorded three times, smoothed and subtracted from the baseline. 
FRET spectroscopy  
Fluorescence measurements were carried out with a Microplate Spectrofluorometer System (Molecular Devices) using a 
96-well black plate, in which each well contained 50 μl of 200 nM dual-labelled Fam-
GGGAGGGAGGGAAGGAGGGAGGGAGGGA-Tamra in 50 mM Tris-HCl, pH 7.4 and increasing amounts of KCl. In the 
presence of KCl, DNA assumes a folded quadruplex conformation and FRET is expected between the 5’ and 3’ 
fluorophores.  
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The interaction of the G-quadruplex with the phthalocyanines can be studied by following the quenching  of FAM 
emission at 584 nm by the added GPcs, as they absorb at 584 nm (see spectrum of DIGP reported below). For the 
fluorescence quenching data we obtained the fraction  of bound GPc at increasing ligand concentrations. Plotting the fraction 
of bound GPc (moles of bound GPc divided by total number of DNA moles) against the free ligand concentrations we 
obtained experimental points that were best-fitted to a standard binding equation y=Bmax L/(KD+L) by using SigmaPlot 
10.0.1.  
The binding data obtained from polymerase stop assays were analysed according to Scatchard equation r/[L]=n KA - rKA 
where r is the ratio of the moles of bound ligand divided by the total available binding sites, [L] is the concentration of free 
ligand, and n is the number of binding sites per DNA molecule. 
Table S1: Apparent dissociation constants of GPcs 1 and 2 binding to quadruplex DNAa 
 
 KCl, mM   KD (1), M KD (2), M 
mKRAS 100 8.6 (±2,1) x 10-7 8.9(±1.7) x 10-7
PTHR1 100 5.8 (±1.3) x 10-7 3.2(±0.8) x 10-7
HRAS-1  100 3.7 (±3.4) x 10-7 - 
 
 
a Data obtained using FRET constructs in 50 mM Tris-HCl, pH 7.4, 100 mM KCl. Higher apparent affinities were observed in 50 mM KCl (Table S1). 
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Figure S1: Folding of murine GA-element followed by FRET as a function of KCl concentration. At 25 mM, the sequence 
is folded into its characteristic quadruplex structures. GA-element has been doubled labelled: 5’Fam-
GGGAGGGAGGGAAGGAGGGAGGGAGGGA-tamra 
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Figure S2. Taq polymerase stop assay of the DNA template containing the murine KRAS GA-element in the absence (lane 
1) and presence of 0.5, 1 and 2.5 μM phthalocyanine 1 (lanes 2-4) or 2 (lanes 5-7). Buffer: 50 mM Tris-HCl, pH 7.4, 25 mM 
LiCl. Reaction conditions: template 50 nM, primer 50 nM, 1 h reaction at 37°C. Reaction products run in 12% PAGE in 
TBE-urea.  
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Figure S3: Putative structure of the G4-DNA formed by the murine GA-element, as determined by DMS-footoprinting 
(Nucleic Acids Res, 2006, 34, 2536). 
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Figure S4: (Left) Taq polymerase stop assay of the DNA template containing the murine KRAS GA-element in the absence 
(lane 1) and presence of 50, 250, 500 and 1000 nM TMPyP4. Buffer: 50 mM Tris-HCl, pH 7.4, 25 mM KCl. Reaction 
conditions: template 50 nM, primer 50 nM, 1 h reaction at 37°C. Reaction products run in 12% PAGE in TBE-urea. (Right) 
Plots showing the fraction of truncated products as a function of r for DIGP, Zn-DIGP and TMPyP4. 
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Figure S5: (a) Absorption spectrum of phthalocyanine 2 in water; 
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Figure S6: Sequence of the human parathyroid hormone PTH/PTH-related peptide receptor (PTHR1) gene, forming a 
parallel G-quadruplex. The figure shows that the PTHR1 sequence folds in KCl, even in the presence of 7 M urea. In 50 mM 
Tris-HCl, pH 7.4, 50 mM KCl, the energy transfer P=IT/(IT+IF) is 0.66, indicating the folding of the sequence into a G-
quadruplex with a TM=67°C. As expected, in CsCl or LiCl this transition is not observed. 
 
 
 
 
Supplementary Material (ESI) for Chemical Communications 
This journal is (c) The Royal Society of Chemistry 2009 
 7
100 nM KRAS 100 mM KCl
nm
500 520 540 560 580 600 620 640
Fl
uo
re
sc
en
ce
0
20000
40000
60000
100 nM KRAS  100 mM KCl
+ salmon sperm 
([salmon sperm]/[KRAS]=5) 
nm
500 520 540 560 580 600 620 640
Fl
uo
re
sc
en
ce
0
20000
40000
60000
 
 
Figure S7: Titration of 100 nM F-28-T in 50 mM Tris-HCl, pH 7.4, 100 mM KCl with increasing amounts of 
DIGP 1 in the absence (top) and presence (bottom) of salmon sperm DNA ([ssDNA]/[F-28R-T]=5). 
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Figure S8. Polymerase stop assays of 50 nM 82-mer template containing the hras-1 sequence forming an 
antiparallel G-quadruplex incubated with primer and GPc at r=10. Primer extension with Taq polymerase was 
carried out for 1 h at 37°C. P2=TMPyP2, P4= TMPyP4; flp= full length product, tp= truncated products. 
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Figure S9. NIH 3T3 (top) and HeLa (bottom) cells treated for 1, 3, 12 and 24 h with 2 μM DIGP and Zn-DIGP, 
fixed on glass slides, and analysed by confocal microscopy. Excitation= 633 nm, emission= 680-800 nm.  
 
 
 
